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Molecular Imaging-Assisted Optimization of Hsp70
Expression during Laser-Induced Thermal
Preconditioning for Wound Repair Enhancement
Gerald J. Wilmink1, Susan R. Opalenik2, Joshua T. Beckham1, Alexander A. Abraham1, Lillian B. Nanney3,
Anita Mahadevan-Jansen1, Jeffrey M. Davidson2,4 and E. Duco Jansen1
Patients at risk for impaired healing may benefit from prophylactic measures aimed at improving wound repair.
Several photonic devices claim to enhance repair by thermal and photochemical mechanisms. We hypothesized
that laser-induced thermal preconditioning would enhance surgical wound healing that was correlated with
hsp70 expression. Using a pulsed diode laser (l¼ 1.85 mm, tp¼ 2ms, 50Hz, H¼ 7.64mJ cm2), the skin of
transgenic mice that contain an hsp70 promoter-driven luciferase was preconditioned 12hours before surgical
incisions were made. Laser protocols were optimized in vitro and in vivo using temperature, blood flow, and
hsp70-mediated bioluminescence measurements as benchmarks. Biomechanical properties and histological
parameters of wound healing were evaluated for up to 14 days. Bioluminescent imaging studies indicated
that an optimized laser protocol increased hsp70 expression by 10-fold. Under these conditions, laser-
preconditioned incisions were two times stronger than control wounds. Our data suggest that this molecular
imaging approach provides a quantitative method for optimization of tissue preconditioning and that mild
laser-induced heat shock may be a useful therapeutic intervention prior to surgery.
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INTRODUCTION
Several sublethal stimuli such as hyperthermia (Morimoto
et al., 1996), desiccation, ATP depletion (Kabakov et al.,
2002), and ischemia (Wirth et al., 1996) can induce a stress
response in organisms. The cellular stress response mecha-
nism consists, in part, of heat-shock proteins (HSPs). The
expression of these molecular chaperones is activated
immediately after exposure to elevated temperatures and
reaches a maximum several hours later. HSPs are found in all
organisms and comprise a large family of cytoplasmic
proteins ranging from 20 to 120 kDa. These molecular
chaperones play an integral role in maintaining intracellular
homeostasis by assisting in protein folding and by mediating
processes that protect the cell from further injury (Morimoto
et al., 1996).
The hsp70 gene and Hsp70 protein are the most highly
induced targets of heat shock and the best characterized HSP
(Pockley, 2002; Beckham et al., 2004). Owing to its marked
induction, hsp70 expression is commonly used as a sensitive
indicator of thermal damage to cells (Desmettre et al., 2001;
Beckham et al., 2004). The kinetics of hsp70 upregulation are
directly related to the hyperthermic regimen, dependent on
both temperature and exposure time, and hsp70 is induced
by temperature increases of X5 to 6 1C (Morimoto et al.,
1996; Beckham et al., 2004; O’Connell-Rodwell et al.,
2004). Although the kinetics of hsp70 expression vary
depending on the organism, tissue, and cell type, some
general trends are evident (Wilmink et al., 2006). First, the
magnitude of hsp70 expression increases in response to
elevated thermal stress until a thermal threshold is reached,
followed by a subsequent decrease. Second, peak hsp70
expression is bi-phasic, with maxima occurring between 8
and 12 hours and then approximately 24 hours after thermal
stress (Diller, 2006; Wilmink et al., 2007). Third, severe levels
of thermal stress may delay hsp70 expression, as cellular
machinery used to produce Hsp70 is damaged.
There is evidence that pretreating cells or tissue with an
initial mild thermal elevation elicits a stress response that can
serve to protect the tissue from subsequent lethal stresses
(Topping et al., 2001; Li et al., 2003; Kim et al., 2004) or can
indeed improve wound healing (Capon and Mordon, 2003).
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This process of pretreating tissue is commonly referred to as
‘preconditioning.’ Preconditioned cells exhibit greater survi-
vability than untreated cells when exposed to subsequent
stresses (Bowman et al., 1997). Preconditioning is believed to
be due to increased production of HSPs, as first described by
Ritossa (1962). As increased hsp70 expression is induced by
stressors such as heat, it is hypothesized that its increased
expression conveys enhanced cellular protection (Topping
et al., 2001). After an initial thermal stress, Hsp70 stabilizes
the cell by tending to the recently denatured proteins and by
preventing the production of misfolded proteins (Wynn et al.,
1994). Hsp70 also functions at key regulatory points in the
control of apoptosis, thereby inhibiting cell death and
promoting cell survival (Jaattela and Wissing, 1992; Samali
and Cotter, 1996; Bowman et al., 1997; Mosser et al., 1997).
Tissue-preconditioning protocols have been effectively
incorporated into surgical procedures (Snoeckx et al., 2001),
the recovery of thermally injured tissues (Merchant et al.,
1998; Baskaran et al., 2001; Seppa et al., 2004), protection to
ischemia–reperfusion injury (Currie et al., 1988; Gowda
et al., 1998; Rylander et al., 2005), and even for cancer
therapies (Wang et al., 2004; Rylander et al., 2006). We
hypothesized that a device with the ability to supply precise
dosimetry and real-time, non-invasive optimization of hsp70
expression would yield the best of preconditioning protocols.
We have demonstrated that the cellular response to thermal
stress can be serially monitored as expression of the luciferase
(luc) transgene under the control of the hsp70A1 promoter
(O’Connell-Rodwell et al., 2004; Wilmink et al., 2006).
The hsp70A1-luc system has been used to assess the extent
of sublethal cellular damage in the context of a laser–
tissue interaction (Beckham et al., 2004; Wilmink et al.,
2006; O’Connell-Rodwell et al., submitted), and to
better understand hsp70 expression kinetics (Wilmink et al.,
2006).
The main goal for the present study is to use a mouse
model (hsp70A1-luc) and thermal and optical imaging
methods to develop and optimize a laser-induced thermal-
preconditioning protocol in skin. The specific goals of
this study were to (a) characterize the kinetics (magnitude,
timing) of hsp70 expression in vitro and in vivo, (b) select
laser parameters that induce optimal hsp70 levels while
causing minimal tissue damage, and (c) demonstrate the
effectiveness of the protocols to enhance cutaneous wound
repair.
RESULTS
Visualization of in vivo hsp70 promoter activity within laser-
treated skin
Cell cultures or engineered skin equivalents lack many cell
populations and essential cytokines needed for tissue repair,
thus we used the hsp70A1-luc mouse model to assess the
effects of thermal preconditioning in vivo (Contag et al.,
1997; Contag and Bachmann, 2002; Beckham et al., 2004;
O’Connell-Rodwell et al., submitted, 2004; Wilmink et al.,
2006). Bioluminescent imaging was used to verify that hsp70
promoter activity could be visualized on the laser-treated
mouse dorsum. We have previously shown that the
bioluminescence signal correlates to the amount of Hsp70
protein and can therefore be used as a quantitative biomarker
for hsp70 expression (Wilmink et al., 2006). Figure 1a
presents a sample bioluminescent image of the dorsal surface
of a transgenic mouse 12 hours after a laser-preconditioning
protocol (H¼7.64mJ cm2). Bioluminescent emission (false
colors) resulting from four laser treatments, using exposure
durations of 5, 10, 15, and 20minutes, is visible on the
dorsum of the mouse. The 20-minute exposure evoked
greater light emissions as compared with shorter exposures.
Laser preconditioning increases blood flow
As local hyperthermia has been demonstrated to increase
blood flow (Song, 1984), we sought to examine if laser-
preconditioning protocols increased blood flow to the treated
regions. Blood perfusion was measured 10minutes, 3 days,
and 10 days after laser-preconditioning treatments using laser
Doppler imaging. The highest perfusion rates, sixfold greater
than control skin, were measured at 10 days after a 20-minute
exposure (Figure 1b). The 10-minute laser exposure induced
the highest flow that was 3.71-fold greater than controls. This
level persisted for 10 days, whereas the 20-minute laser
exposure showed a progressive increase in blood flow.
Making the laser Doppler measurements in and by itself did
not result in a measurable temperature rise (data not shown).
Optimization of in vivo hsp70 promoter activity within
laser-treated skin
Various exposure conditions were tested for each laser
protocol to determine the relationship between exposure
duration and hsp70 expression levels. For the high-tempera-
ture short-exposure (THES) protocol (9.17mJ cm
2), exposure
durations of 60, 90, 120, and 150 seconds were tested. For all
of tested exposure durations, the THES protocol was shown to
generate tissue temperatures ranging between 48 and 50 1C
(data shown in Figure S2). Maximal hsp70 expression
occurred 9–15 hours after laser exposure (Figure 1c). Laser
pretreatments produced maximal hsp70 levels that were
11.65-fold greater than controls at an exposure duration of
150 seconds. The 120 seconds exposure induced 4 times less
hsp70 than the 150 seconds exposure (Po0.05).
The low-temperature long-duration (TLEL) protocol
(H¼7.64mJ cm2) at exposure durations of 5, 10, 15, and
20minutes produced markedly different profiles compared
with the THES protocol. For all the tested exposure durations,
the TLEL protocol was shown to generate tissue temperatures
ranging between 43 and 44 1C (data shown in Figure S2). The
magnitude of hsp70 expression increased linearly with
increasing durations of exposure, and a maximum level of
17-fold induction was achieved after a 20-minute exposure
(Figure 1d).
hsp70 fold-induction levels as a function of exposure time
are depicted in Figure 1e and f. In the THES protocol, the
hsp70 levels increased exponentially with laser exposure
time, whereas the hsp70 levels increased linearly with laser
exposure time in the TLEL protocol. These optimization data
suggest that the TLEL protocol may provide a more consistent
and reliable induction of hsp70 levels.
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Immunohistologic studies to evaluate preconditioning protocols
Immunohistologic studies were conducted in the precondi-
tioned mouse skin to evaluate histological damage, cellular
proliferation, and apoptosis. Figure 2a–d and e–h reveal
marked differences in the histological characteristics among
the 4 treatment groups evaluated at 12 hours and 3 days.
Control tissues in Figure 2a and e show healthy intact mouse
skin. The lethal laser protocol (positive control; Figure 2b
and f) produced tissue damage to a depth of 150 mm. Tissue
treated with the TLEL-preconditioning protocol showed
virtually no damage, as evidenced by only minor alterations
to the stratum corneum (Figure 2c and g). In contrast, the
THES protocol induced mild damage as evidenced by
epidermal hyperplasia and a modest inflammatory infiltrate
in the papillary dermis (Figure 2d). Figure 2e–h also reveals
marked differences in histological characteristics among
the four treatment groups. The most noticeable difference
3 days after treatment was the degree of epidermal hyper-
plasia. The thickness of the epidermal hyperplasia was
plotted versus time for each treatment group (Figure 2i).
The data show that the TLEL protocol induced less epidermal
hyperplasia than the THES protocol. As pronounced epider-
mal hyperplasia is a characteristic of the intermediate
phase of wound repair, this finding suggests that the TLEL
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Figure 1. In vivo visualization and quantification of hsp70 promoter activity in laser-treated areas. (a) Sample bioluminescent image 12 hours after laser
preconditioning with the TLEL protocol (bar¼ 2 cm). (b) Normalized mean blood perfusion measurements versus time for various laser exposures using the
TLEL laser protocol (n¼ 4). (c) hsp70 levels plotted versus time after laser exposure for the THES laser protocol. (d) hsp70 levels plotted versus time after
laser exposure for the TLEL laser protocol. (e) Maximum fold induction of hsp70 for the THES protocol as a function of exposure time shows a linear exponential
relationship (R2¼0.93) (f) Maximum fold induction of hsp70 for the TLEL protocol as a function of exposure time a shows a linear relationship (R2¼ 0.96).
Values represent the mean±SD for hsp70 fold induction (n¼ 5).
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protocol produced less epidermal injury than the THES
protocol (Florin et al., 2006).
The extent of cellular proliferation was examined
using a Ki67 immunodetection (Figure 3a–d), and apoptosis
was evaluated with a TUNEL stain in tissues from the TLEL
protocol (Figure 3e–f). There was substantial proliferation in
the basal cells and in the bulge region around the hair follicle
in the preconditioned tissues (Figure 3b and d). The control
tissue (untreated) showed few basal cells actively replicating
or proliferating (Figure 3a and c). The laser-preconditioned
tissues did not show apoptotic activity (Figure 3). In addition,
caspase-3 antibody stains were carried out and also showed
minimal evidence of apoptosis (data not shown).
Laser-preconditioning protocols can manipulate hsp70
expression
We investigated the effects of the TLEL laser-preconditioning
protocol on full-thickness scalpel incisions. Figure 4a
presents a sample bioluminescent image of hsp70 promoter
activity on a mouse with two preconditioned wounds (right)
and two control scalpel incisions (left). The laser-precondi-
tioned wounds showed significantly higher hsp70 promoter
activity. Figure 4b shows the quantitative bioluminescent
intensity for each wound 12 hours after preconditioning. The
laser-preconditioned areas had an average of 10.75±3.03-
fold induction, whereas the control areas had an average
of 1.72±0.15-fold induction. A paired one-tailed Student’s
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Figure 2. Histological evaluation of preconditioning. (a–d) Hematoxylin and eosin (H&E) stains 12 hours after treatment (scale bar¼100 mm) (a) Untreated
control tissue shows a healthy epidermis and hair follicles. (b) Positive control using lethal laser protocol (H¼ 30mJ cm2, exposure duration 60 seconds) shows
ablation of the epidermis and coagulation on the upper dermis. (c) TLEL-preconditioning protocol shows only minor superficial damage restricted to the stratum
corneum. (d) THES protocol induces mild damage that stimulates epidermal hyperplasia and inflammatory influx into the upper dermis. (e–h) H&E stains
3 days after treatment. (e) Untreated control tissue shows a healthy epidermis. (f) Positive control using lethal laser protocol shows epidermal ablation and
coagulation on the upper dermis. (g) TLEL-preconditioning protocol shows only minor epidermal hyperplasia. (h) THES protocol induces mild damage that
stimulates significant epidermal hyperplasia. (i) Epidermal hyperplasia plotted versus time for each laser treatment. Mean and SD for the depth of
hyperplasia were statistically compared with Student’s t-test (***Po0.001).
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t-test indicated that the thermally preconditioned wounds had
statistically significantly higher levels of hsp70 promoter
activity (Po0.01).
Histologic characterization of incisional healing after laser
preconditioning
To evaluate the effect that laser preconditioning (TLEL) has on
early wound repair, qualitative patterns of collagen deposi-
tion were assessed after scalpel incision. In sections stained
with Gomori’s trichrome, wounds that were not precondi-
tioned show pale green staining in the adjacent tissue that is
indicative of a wide degree of disruption to the collagen
deposition patterns in the dermis immediately adjacent to the
incisional site (Figure 5a). Wounds preconditioned with
the TLEL laser protocol show intense green staining indicative
of normal non-disrupted collagen-deposited patterns
(Figure 5b). Additional differences were evident between
the control wounds and preconditioned wounds within
the surface epithelium (Figure 5c and d). Preconditioned
wounds showed significantly less epidermal hyper-
plasia (31.9±1.7 mm) than control wounds (75.2±6.2 mm)
(Figure 5e). Granulation tissue in the preconditioned inci-
sional wound beds also had a higher cell density (B19 cells
per 1,000 mm2) compared with control wounds (B10 cells
per 1,000 mm2) (Figure 5f).
Laser preconditioning enhances wound repair
To compare the difference in wound healing between
untreated and laser-preconditioned scalpel incisions, we
measured the maximum load and tensile strength of full-
thickness wound skin from mice at days 7 and 10 after injury.
In Figure 6a, the average percent (%) increase in maximum
load is plotted versus day after surgery. Preconditioned
incisions were 58% stronger than controls 7 days after
surgery, and 40% stronger than controls at day 10. In Figure
6b, the average percent increase (%) in tensile stress is plotted
versus day after surgery. Preconditioned incisional wounds
were 70% stronger than controls 7 days after surgery, and
50% stronger than controls at day 10. Mean scores for the
maximum load and tensile stress were statistically compared
using a paired Student’s t-test (***Po0.01).
TLEL protocol
TLEL protocol
Untreated
Untreated
TLEL protocolUntreated
Apoptosis (TUNEL) 3 days post-treatment
Proliferation (Ki67) 3 days post-treatment
Figure 3. Immunohistochemical evaluation of preconditioning. (a–d) Cellular
proliferation using a Ki67 immunomarker 3 days after laser-induced thermal
stress. (a) Control (non-wounded) areas of skin show minimal steady-state
levels of epidermal proliferation (scale bar¼ 100mm) (b) Laser-treated (TLEL)
tissue shows many basal cells actively replicating or proliferating (marked by
arrow) (scale bar¼ 100mm). (c, d) Ki67 immunostain (scale bar¼50 mm).
(c) Control (non-wounded) areas of skin show minimal proliferation.
(d) Laser-treated (TLEL) tissue shows transient amplifying cells emerging
from the bulge region (marked by arrow). (e–f) Apoptotic profiles are
visualized with a TUNEL stain at day 3. (e) Control skin samples with
no visible apoptotic indicators. (f) Laser-treated (TLEL) sample with
few visible apoptotic indicators.
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Figure 4. Laser manipulation of hsp70 expression before surgical wounding.
(a) Sample bioluminescent representation of control wounds (left) and laser
pretreated surgical wounds (right) using the TLEL laser protocol at 12 hours
before surgery. (b) hsp70 fold induction on control and laser-pretreated
wounds. The mean hsp70 fold induction was normalized to a non-wounded
control area of the skin. The mean and SD for hsp70 fold induction were
statistically compared using Student’s t-test (n¼ 10, *Po0.01).
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DISCUSSION
In this study, we describe the use of in vivo molecular
imaging to optimize a laser-induced thermal preconditioning
protocol that enhances cutaneous wound repair in a murine
model. The laser protocol was optimized using temperature
measurements and in vivo bioluminescence measurements of
hsp70 expression as benchmarks. The efficacy of this
optimization process was assessed using perfusion measure-
ments, histology, immunohistochemical measurements, and
wound biomechanics as measurable end points.
Tissue preconditioning has been shown to induce tissue
alterations that confer protection to subsequent damage.
Thermal preconditioning appears to act, at least in part, by
means of elevated HSPs. Thermal preconditioning has had a
favorable impact on surgical intervention (Lepore et al.,
2001; Snoeckx et al., 2001), recovery of thermally injured
tissues (Merchant et al., 1998; Baskaran et al., 2001; Seppa
et al., 2004), protection to ischemia–reperfusion injury (Currie
et al., 1988; Gowda et al., 1998; Rylander et al., 2005), and
in cancer therapies (Wang et al., 2004; Rylander et al., 2006).
Thermal preconditioning is reported to provide numerous
effects on cells and tissues: (1) increased resistance and
survivability when exposed to subsequent lethal thermal
stresses (Bowman et al., 1997); (2) cross-protection to
subsequent different stressors (that is, mechanical stress in
surgical intervention) (Parsell and Lindquist, 1993); (3)
increased protective responses upon exposure to subsequent
stresses, including increased cell migration and proliferation,
reduced inflammation, and reduced apoptosis (Samali and
Cotter, 1996; Gabai et al., 1997; Mosser et al., 1997; Garrido
et al., 2001); and (4) improved cutaneous wound repair
(Vigh et al., 1997).
Role of Hsp70 and use of hsp70 expression as a biomarker
for preconditioning
To use in vivo molecular imaging as a modality to optimize a
therapeutic regimen of tissue preconditioning, a transgenic
mouse model developed in the laboratory of Dr Chris Contag
at Stanford University was used. In the mouse model, the
same cassette that we previously used was incorporated
(Beckham et al., 2004; O’Connell-Rodwell et al., 2004;
Wilmink et al., 2006). In this, the inducible promoter of one
of the most potently inducible HSPs, hsp70A1, regulates the
expression of two optically active reporter genes, luciferase
and enhanced green fluorescent protein (eGFP). This mouse
model enables non-invasive and quantitative determination
of the expression of hsp70 in a single mouse over time. We
and others have previously shown that the bioluminescence
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signal is correlated to the amount of intracellular Hsp70
protein (Beckham et al., 2004; O’Connell-Rodwell et al.,
2004; Wilmink et al., 2006), and therefore can be used as a
biomarker for the induction of Hsp70 and indeed as a
surrogate marker for the general activation of the heat-shock
response.
Clearly, preconditioning tissue by exposure to a mild heat
shock neither activates HSP genes nor does it preferentially
induce the 70 kDa HSP. In fact, numerous other genes are
turned on and off in response, and any number of these genes
(both other HSP genes and other non-HSP genes) may also
be responsible for the survival advantage observed. Most of
these non-HSP genes function either in signal-transduction or
in cell growth pathways. For instance, the mitogen-activated
protein kinase pathway plays a central role in signal-
transduction pathways and may contribute to the increased
survivability of pretreated cells (Dinh et al., 2001). As
mitogen-activated protein kinases phosphorylate HSF-1, and
sufficient levels of heat shock factor-1 (HSF-1) are required
for maximal hsp70 transcription, their stimulated activity is
coupled to hsp70 expression. The phosphatases DUSP1 and
DUSP2 are also activated by thermal stress, and may also
contribute to the observed survival advantage (Keyse and
Emslie, 1992; Ishibashi et al., 1994). It has been hypothesized
that subsequent expression of DUSP phosphatases allows the
mitogen-activated protein kinase pathway to ‘‘reset,’’ thereby
rendering the cells responsive to subsequent stressors after an
initial thermal stress (Ishibashi et al., 1994). Cell death can
occur in a regulated way through apoptotic mechanisms or in
an abrupt way by means of necrosis. It has been reported that
severe injury causes immediate cell death, whereas cells that
experience moderate damage take days to succumb to the
insult (Rylander et al., 2005). The in vitro experiments in this
report demonstrated that 10minute exposures at 44 1C
induced cellular proliferation. Similar results were seen in
the TLEL laser-preconditioning protocol in vivo. Apoptosis
stains also confirmed that the TLEL protocol caused only slight
increases in apoptotic activity.
Although hsp70 expression was used as a biomarker for
the preconditioning, ongoing investigations in our labs using
normal and hsp70 null cells have indicated that elevated
hsp70 expression has indeed a direct effect in precondition-
ing; however, some of the effect of preconditioning remains
even in the absence of hsp70 (Beckham and Wilmink, 2007).
Hsp70 blocks apoptosis by antagonizing apoptosis-inducing
factor (Ravagnan et al., 2001), preventing the recruitment of
procaspase-9 (Beere et al., 2000), and by preventing the
activation of stress kinases (Gabai et al., 1997). Even though
the exact mechanism is not elucidated in this report, the
correlation between elevated hsp70 expression and reduced
apoptosis is observed.
Local hyperthermia can increase perfusion to treated
regions. This increase in perfusion that is observed after the
TLEL laser-preconditioning treatment may aid in the delivery
of cells and growth factors to pretreated surgical sites (Song,
1984). Other studies indicate that the increased blood flow
observed in preconditioned tissues may be due to the
increases in inducible nitric oxide synthase (Contaldo et al.,
2007). Increased blood flow may increase the delivery of
macrophages to the wound bed, and their increased presence
may correlate with improved wound debridement, increased
stimulation of synthesis of collagen by fibroblasts (Heppleston
and Styles, 1967), and the overall promotion of cutaneous
repair (Danon et al., 1989). The increased supply of various
growth factors and cytokines, such as basic fibroblast growth
factor (bFGF), vascular endothelial growth factor, transform-
ing growth factor-b (TGF-b) (Flanders et al., 1993; Erdos et al.,
1995; Kanamori et al., 1999), may also function to enhance
the repair of a preconditioned wound. It has been reported
that the bFGF gene is upregulated during thermal exposures,
and vascular endothelial growth factor and TGF-b levels are
upregulated after thermal exposures (Flanders et al., 1993;
Erdos et al., 1995; Kanamori et al., 1999). As these genes are
important in active wound repair, they may also contribute to
the survival advantage observed in laser-preconditioned
tissues.
Nevertheless, in correlating the laser-induced hsp70
expression in a live animal to a number of characteristics
that are associated with enhanced wound healing, we have
shown that this metric can be used to optimize precondition-
ing parameters even though the exact role of Hsp70 in this
process remains largely unknown.
Optimization of preconditioning
Physical and pharmacological techniques are the main
methods used to upregulate HSP expression and precondition
tissues. Recently developed pharmacological agents, bimo-
clomol and geldanamycin, show clinical promise as HSP
inducers or co-inducers, but owing to their nonspecific
actions and multiplicity of biochemical effects, they are still
considered inferior to traditional physical methods (Vigh
et al., 1997; Kiang et al., 2004). Whole-body hyperthermia,
using a heated pad or water bath, is the classical physical
preconditioning method. However, a frequent complication
associated with this approach is excessive tissue dehydration
(Pespeni et al., 2005). Work by Harder et al. (2004)
circumvented these complications by using a heated blanket
to locally induce Hsp70 levels in restricted skin, and this
technique improved skin flap survival in pigs. Heated
blankets are attractive because they are simple and inexpen-
sive, but they rely on the diffusion of heat and require lengthy
preconditioning sessions, which are not conducive to the
time constraints of a clinical setting. Furthermore, contact
physical methods are not ideal for conditions where there is a
risk for infection (for example, open sores). Non-contact
physical methods, such as focused ultrasound, radio
frequency, and microwave sources, also show promise, as
they can induce rapid and focused HSP induction in deep
tissues (Madio et al., 1998; Walters et al., 1998). However, in
applications targeting superficial skin, lasers are ideal, as they
also allow for rapid and focused induction of the heat-shock
response without affecting deeper tissues (Souil et al., 2001).
In this study, we used a pulsed infrared diode laser to
precondition the skin. However, in principle, other con-
ventional heating sources can be used to precondition
tissues. We found that a laser is advantageous for thermal
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preconditioning for several reasons. First, lasers can heat
tissue volumetrically and thus more uniformly, rather than
depending on heat diffusion from contact to an external
heating element. Also, experiments using external heating
sources commonly report difficulties with controlling for the
pressure on the skin’s surface, and in particular over bony
prominences on curved tissues. Second, the operating
parameters of the laser (l, tp, H, repetition rate, exposure
time) can be tailored to achieve the desired spatial energy
distribution, and hence the depth to which tissue is heated.
This allows for precise control over the spatial distribution of
thermal induction of the heat-shock response and accurate
dosimetry. For the work reported, the output laser wavelength
was fixed at 1.85 mm. At this wavelength, the optical
penetration depth in water (the main chromophore in soft
tissue in this part of the spectrum) is roughly 600mm (Hale,
1973). However, as the laser is tunable from 1.85 to 1.88 mm,
which corresponds to a steep part of the water absorption
curve, this tunability permits precise control over the depth of
tissue heating. As the mouse skin is 200–300mm thick, this
laser effectively heated the entire dermis, thus allowing for a
relatively uniform but localized induction of hsp70 expres-
sion. Third, the laser light can be coupled into a fiber optic
cable, facilitating delivery to internal tissues. Therefore, the
findings reported here could be extended to minimally
invasive procedures such as endoscopic surgery. Taken
together, these characteristics are particularly attractive and
makes the described system amenable to various clinical
situations, such as in the area of cardiac research (Currie
et al., 1988; Gowda et al., 1998; Rylander et al., 2005).
We postulated that a successful laser-preconditioning
protocol designed to enhance the repair of surgical wounds
must achieve the following criteria: (1) elevate tissue
temperature for prescribed exposure duration, (2) induce
hsp70 levels in the tissue, (3) cause minimal irreversible
tissue damage and cell death, (4) increase blood flow to the
surgical site, and (5) increase wound healing strength.
Many in vitro and in vivo studies have investigated hsp70
expression kinetics at various stress temperatures and
exposure durations. After reviewing the literature, it appears
that two general thermal regimens exist; one using high
temperatures for a short duration and the other using lower
temperatures for a longer exposure duration, summarized in
Table 1. To a large extent, this trade-off between temperature
and the time to which tissue is exposed to a given
temperature has long been known for tissue damage and
can be formulated by the Arrhenius rate process. The
Arrhenius relationship predicts that tissue injury is linearly
proportional to the time of exposure and exponentially
dependent on temperature (Moritz, 1947). It assumes the
basis for damage to be a biophysical process (that is, protein
denaturation) and was recently demonstrated to be useful in
examining hsp70 expression kinetics (Beckham et al., 2004).
Although a detailed discussion of the Arrhenius model is
beyond the scope of this report, the underlying principle may
be useful in optimizing proper combinations of temperature
and time. Simply stated, as a rule of thumb for every 4 1C
increase in temperature rise, the exposure time must be
reduced by an order of magnitude to maintain the same level
of damage. An Arrhenius analysis was conducted for our
in vitro experiments and is provided in Supplementary
Figures S1 and S2. However, preliminary studies in our
laboratory suggested that there are two absolute temperatures
associated with the thresholds of the induction of the heat-
shock response and the induction of irreversible tissue
damage. This suggested that the dosimetry for precondition-
ing is not as simple as a straightforward use of the Arrhenius
rule of thumb. For mild temperatures (B43 1C), a potent heat-
shock response was induced, but at least for the exposure
times used, irreversible thermal damage (tissue whitening,
blistering) is not seen even for long exposures. For higher
temperatures (B50 1C), the heat-shock response is induced,
but there appears to be a very fine line between inducing
irreversible damage and inducing the heat-shock response,
Table 1. Thermal preconditioning protocols to maximally induce hsp70 expression
TLEL THES
Model: Type
Temperature
(1C)
Exposure time
(minutes) Citation Model: Type
Temperature
(1C)
Exposure
time Citation
Animal: mouse 41 15 Pespeni et al. (2005) Cell: BAEC 48 2minutes Rylander et al.( 2005)
Animal: rat 42–42.5 15 Leger et al. (2000) Animal: rat 50 3 seconds Souil et al. (2001)
Cell: rat cardiac 42 30–60 Vigh et al. (1997) Cell: NIH-3T3 50 35 seconds O’Connell-Rodwell et al.
(2004)
Cell: NHDF 43 10–40 Wilmink et al. (2006) Cell: BAEC 50 1minute Rylander et al. (2005)
Cell: BAEC 44 22 Rylander et al. (2005) Cell: RPE 55 3 seconds Dinh et al. (2001)
Tissue: RAFT 44 20 Wilmink et al. (2006) Cell: NHEK 55 4 seconds Bowman et al. (1997)
Cell: NIH-3T3 44 40 Beckham et al. (2004) Cell: NHEK 58 1 second Dinh et al. (2001)
BAEC, bovine aortic endothelial cell; NHDF, normal human dermal fibroblast; NHEK, normal human epithelial keratinoctyes; NIH-3T3, murine embryo
fibroblast cell line; RAFT, engineered skin equivalent model; RPE, retinal pigment endothelial cell; THES, high temperature short exposure; TLEL, low
temperature long exposure.
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and this is extremely sensitive to the exposure time. Based on
this data, we developed and tested in more detail two
separate laser-preconditioning protocols from each thermal
regimen; a TLEL protocol and a THES protocol. The tissue
temperatures generated by each protocol were measured in
real-time using an infrared camera, and proved to be critical
in the optimization of each protocol. In a clinical setting,
temperature measurements may not be possible, and instead
temperatures could be predicted before protocol inception
using thermal modeling (Rylander et al., 2006).
Maximal hsp70 expression was assessed with the trans-
genic hsp70A1-lucmouse. This mouse model provides a high
throughput platform that allows us to test the effect that
different laser parameters have on hsp70 expression. At both
radiant exposure settings, the exposure time was varied to
find the maximal hsp70 expression without inducing
irreversible tissue damage or cell death. Irreversible thermal
tissue damage is observed macroscopically as tissue whiten-
ing. This occurs when extracellular matrix proteins are
coagulated causing visible light to be scattered and sub-
sequently reflected, and the phenomenon is reported to
occur after exposure to 65 1C for 35 seconds (Allain et al.,
1980). In this study, a positive control lesion was generated
using laser settings that whitened the mouse skin. This
positive control served as a useful indicator for irreversible
thermal damage and was used to compare the ensuing tissue
effects in the preconditioned regions of tissues.
For the TLEL laser-preconditioning protocol, hsp70 levels
increased linearly with increasing laser exposure duration.
Surprisingly, linear increases were not shown using the THES
laser protocol. The data show that peak hsp70 induction of
11.65-fold is achieved with the 150-second exposure,
whereas shorter 120 second exposures only achieved 4-fold
induction. The large disparity in hsp70 levels between
exposure durations suggested that the THES laser protocol
was more difficult to tailor for specific hsp70 levels. More-
over, in the THES protocol, the temperature–time history
becomes inherently difficult to control and predict, as over
the short exposure time the temperature–time history is
dominated by the highly dynamic temperature rise and
temperature decrease phases of the heating process. In
summary, for the TLEL laser-preconditioning protocol, any
exposure between 10 and 20minutes induces sufficient
hsp70 levels (B10-fold), whereas for the THES protocol
exposures more than 120 seconds were required to fulfill the
hsp70 requirement.
All of the exposure times tested using the TLEL laser-
preconditioning protocol exhibited sufficient hsp70 levels
while inducing negligible cellular damage. In contrast, the
THES protocol only had sufficient hsp70 levels using a 150-
second exposure, but at this exposure duration undesired
tissue damage and epidermal hyperplasia was induced.
Therefore, the TLEL laser-preconditioning protocol was
determined to be superior and was selected for use in the
surgical wound repair experiments. The TLEL laser-precondi-
tioning protocol improved the strength of wound repair in
normal wounds. Preconditioned wound beds showed higher
cell densities than control wounds, and this increase in cell
density may confer a more concerted and robust repair
process. The exact role that Hsp70 plays in preconditioning is
still not entirely clear, and preconditioning may in fact be
dependent or at least co-dependent on increased blood flow,
increased presence of growth factors, and the reduced
apoptotic activity.
In summary, in this study, a laser-preconditioning protocol
was optimized using in vivo molecular imaging and thermal
infrared imaging measurements. Two laser protocols were
investigated: a TLEL protocol and a THES protocol. Both
protocols were capable of achieving sufficient hsp70 expres-
sion levels, but the THES laser protocol required a 150-second
exposure duration. This exposure duration induced signifi-
cantly more epidermal hyperplasia than suitable exposures
using the TLEL protocol, and therefore the TLEL protocol was
found to be superior for laser preconditioning. The TLEL laser
protocol induced negligible histological damage, and de-
monstrated a positive impact on cellular proliferation while
causing minimal apoptosis. The TLEL laser-preconditioning
protocol was useful in stimulating wound repair by enhan-
cing cell migration into the wound bed, and resulted in
increased wound tensile strength. We speculate that this
method can be used to improve repair in a chronic wound,
like those in diabetic patients. In normal conditions of wound
repair, the processes that result in cutaneous healing follow a
specific time course, but conditions created in diabetes
impair the normal sequence of wound repair (Braddock et al.,
1999). In normal wound repair, hsp70 is rapidly induced, but
in the chronic wound setting, hsp70 is decreased (McMurtry
et al., 1999). This developed laser-preconditioning protocol
may be useful in inducing hsp70 expression and may
improve diabetic wound repair. In addition, a variation to
this approach may be used to treat already existing wounds
rather than relying on preconditioning, which are only useful
for elective procedures. The methods and mouse model
(hsp70A1-luc) used in this study have broader implications,
as they provide the framework that is amenable to the
systematic design and optimization of therapeutic wound
modulation and preconditioning protocols for a clinical
setting.
MATERIALS AND METHODS
Animal model
Experiments were conducted in accordance with guidelines
specified by the Institutional Animal Care and Use Committee
(IACUC) at Vanderbilt University. Transgenic mice in which the
HSP70 (hsp70) promoter drives the luciferase and eGFP reporter
genes were generous donation from Dr Chris Contag at Stanford
University. A detailed description on the hsp70A1-luc-2A-eGFP L2G
transgenic mouse has been detailed previously by Dr. Mark
Mackanos (O’Connell-Rodwell et al., 2008). Briefly, the transgenic
mice are of a FVB background and contain an hsp70 cassette
(FVB.hsp70A1-luc-2A-GFP). The cassette is as follows: the murine
hsp70A1 promoter (GenBank accession number M76613) was
attached to the luciferase coding sequence from the pGL3-Basic
plasmid (Promega Corporation, Madison, WI), as described
previously, and fused, in frame, to the open reading frame of
eGFP (Clontech, Palo Alto, CA) with 54 base pairs (bp) of the
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FMDV 2A sequence followed by 24 bp of polylinker (O’Connell-
Rodwell et al., 2004). The cDNA for (eGFP) and luciferase (luc)
vector are located downstream from the hsp70 promoter. Therefore,
whenever the transcriptional factors are present, which induce
hsp70 mRNA transcription, these bicistronic reporters are tran-
scribed and translated. Resultantly, the GFP and luciferase gene
products emit light, which can be used as a surrogate marker
for hsp70 gene activity levels, as previously shown (Wilmink
et al., 2006).
Laser-preconditioning experiments in vivo
Two days before laser experiments, mice were anesthetized with
isoflurane in an isoflurane vaporizer (V-10 Series, VetEquip Inc.,
Pleasanton, CA) and a rectangular area of the dorsal fur was removed
with a clipper. The remaining hair remnants above the surface were
removed using depilatory cream and the skin was thoroughly
cleansed with water to remove residual cream. The mice were then
returned to animal care for 2 days. Tissue preconditioning was
accomplished with an Aculight Renoir diode laser (Renoir; Aculight,
Bothell, WA). Laser light was coupled into a 600-mm-diameter
multimode silica fiber for transmission and delivery. The bare fiber
tip was positioned 2.5 cm above the dorsal skin of the mouse. This
laser was selected because it has l¼ 1.85mm, and at this
wavelength, the optical penetration depth in water is roughly
600mm. As mouse skin is 200–300 mm thick, this laser could
effectively heat the entire mouse dermis in a uniform fashion.
Two laser-preconditioning protocols
The Arrhenius rate process that describes thermal damage suggests
that tissue preconditioning can be achieved either by using short
exposures (seconds) at high temperatures (50–60 1C) or by using
longer exposures (minutes) at lower temperatures (40–50 1C) (Bow-
man et al., 1997; Dinh et al., 2001). In the literature, various thermal
protocols have been used to maximally induce hsp70 expression, as
shown in Table 1. We elected to investigate laser-preconditioning
protocols using two differing thermal regimens. One experimental
condition used a TLEL protocol and the second experimental
condition tested a THES protocol. The laser parameters used for the
THES protocol were l¼ 1.85mm, repetition rate 50Hz, tp¼ 2ms,
beam diameter 5mm, radiant exposure per pulse or
H¼ 9.17mJ cm2, total exposure duration 30–150 seconds. Using
these parameters, the tissue temperature was measured with an
infrared camera, and temperatures were shown to be between 48
and 50 1C (A20 series, FLIR Systems, Portland, OR) (Figure S2). The
optimized preconditioning TLEL parameters were l¼ 1.85mm,
repetition rate 50Hz, tp¼ 2ms, beam diameter 5mm, radiant
exposures per pulse or H¼ 7.64mJ cm2, total exposure duration
10–40minutes. Using these parameters, the tissue temperatures were
measured with an infrared camera and shown to be between 43 and
44 1C (Figure S2). The laser parameters used for a positive control
were l¼ 1.85 mm, repetition rate 50Hz, tp¼ 2ms, beam diameter
5mm, H¼ 30mJ cm2, and a total exposure duration of 60 seconds.
The positive control induced tissue whitening and was used as an
indicator of irreversible tissue damage.
Bioluminescent imaging of living mice
After mice were preconditioned with the laser, the hsp70-induced
luciferase bioluminescence was measured at various time points
following heat shock using an IVIS 200 BLI system (Xenogen,
Alameda, CA). Fifteen minutes before each imaging session, the
mice were anesthetized with isoflurane and injected (27 gauge
syringe) with 15mgml1 of luciferin substrate intraperitoneally using
a dose of 10 ml per g body weight. Mice were imaged at 0, 3, 6, 9,
12, 15, and 24 hours after the start of the laser treatment. Mice were
placed in the imaging chamber on a 37 1C stage, and bioluminescent
images were acquired using an integration time of 2minutes.
Bioluminescent data were represented with a false color scheme
representing the regions of varying light emission, and quantified
using LivingImage analysis software (v2.12, Xenogen). Light emis-
sions from specified regions of interest (ROIs) were quantified as a
photon flux in units of total number of photons emitted per second
per ROI (p/s/ROI). To account for mouse-to-mouse variability,
measured bioluminescence imaging (BLI) values for each wound
were normalized to the BLI value of the unwounded but shaved
dorsum. This normalization was conducted at each time point. The
normalization procedure yielded a fold induction number, which is
indicative of the relative magnitude of hsp70 expression in each
wound compared with normal untreated tissue.
To ensure each transgenic mouse exhibited comparable sensi-
tivity to heat exposure, the laser was used on each mouse to induce a
positive control lesion using radiant exposure H¼ 30mJ cm2 for
60 seconds, corresponding to a peak temperature of 65 1C. This
lesion was positioned 1/2 cm anterior to the tail on the dorsum of
each mouse. Animals that showed greater than 20% deviation from
the mean in response to this control tissue were excluded from the
studies.
Laser Doppler perfusion imaging
Dynamic blood flow on the mice dorsum was mapped with a high-
resolution PIM-2 Laser Doppler perfusion imager (Perimed Inc.,
North Royalton, OH). The parameter settings during the measure-
ment were: scanning area, 20 20mm; high resolution scanning;
distance between the scanner head and wound, 17.8 cm. The
measurement of the image and perfusion value was carried out by
the LDIwin2.6 software package (Perimed AB, Stockholm, Sweden).
The extent of blood perfusion for each sample was normalized to an
untreated control region. Normalized perfusion values were
collected at 10minutes, 3 days, and 10-days after laser treatment.
Laser preconditioning to improve wound repair
Twelve hours after laser preconditioning, four full-thickness long-
itudinal incisions, separated by 1.5 cm and each 1.0 cm in length,
were made on the dorsum of each mouse. The four lesions consisted
of two laser-preconditioned areas and two untreated control areas.
The anterior preconditioned wounds were compared with the
anterior control regions of tissue, and vice versa. This was done to
reduce the bias due to the anatomical position of each wound.
Wounds were closed with 7.5mm clips, and the clips were removed
on day 5. Immediately after wounding with the surgical scalpel,
bioluminescence images of the mice were taken. The BLI images
served to verify that the laser-preconditioning protocol induced
hsp70 expression at the surgical wound site.
Tensile strength measurement
To compare the difference in wound healing between scalpel
incisions (control) and laser-preconditioned scalpel incisions,
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maximum loads and tensile strengths of full-thickness wound skin
from transgenic mice (n¼ 9) were measured at days 7 and 10 after
injury. Tensiometry was performed on skin incisions using the
Instron 5542 tensiometer (Instron, Canton, MA) within 3 hours after
tissue harvest (Benn et al., 1996). All tensiometry was performed in a
blinded manner.
Histologic parameters of wound healing
To evaluate cellular structure, damage, and collagen deposition, a
subset of the test animals were euthanized to provide mouse skin for
histological and immunohistochemical analysis. Skin samples were
collected 12, 48, 72, 120, and 240 hours after wounding. Standard
histological processing of formalin-fixed, paraffin-embedded
samples included hematoxylin and eosin and Gomori’s trichrome
as previously described (Wilmink et al., 2006, 2007). An Olympus
Vanox-T AHZ microscope equipped with a Pixera Pro 600 ES
camera was used to image the slides. Olympus Plan Opo Primary
Objectives ( 10, and  20) were used. The depth of damage was
measured using Image Pro Plus software.
Immunohistochemistry
To evaluate the effects that laser-preconditioning protocols have on
wound repair, an immunohistochemical study was conducted on
tissue sections. Paraffin sections (7mm) of mouse back skin were
analyzed by immunological methods. Macrophages expressing the
F4/80 surface marker were immunostained with rat monoclonal
antisera. Cell proliferation was evaluated using a Ki-67 antigen.
Apoptotic cells were selectively highlighted within tissue samples by
immunostaining for cleaved caspase-3. Apoptotic cells with
fragmented DNA were visualized with DeadEnd Colorimetric
TUNEL System. Immunohistochemistry was performed using the
following antibodies: F4/80 (Cl:A3-1, F4/80; Serotec Inc., Raleigh,
NC), Ki67 (VP-RM04; Vector Laboratories, Burlingame, CA), Dead-
End Calorimetric TUNEL System (G3250; Promega Corporation),
and Caspase-3 (9PIG748, Promega Corporation). The Dako
Envisionþ HRP/DABþ System (DakoCytomation, Glostrup, Den-
mark) was used to produce localized, visible staining. The slides
were lightly counterstained with Mayer’s hematoxylin, dehydrated,
and coverslipped. Olympus Vanox-T AHZ microscope (Olympus
America, Center Valley, PA), Olympus Plan Opo Primary Objectives
( 10, and  20), and Image Pro Plus software (Media Cybernetics,
Bethesda, MD) were used to image the slides.
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Figure S1. In vitro thermal stress protocols in mouse dermal fibroblasts (MDF).
Figure S2. Mouse skin temperatures during laser preconditioning.
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